Elemental mixing at the CdS/ CuInSe 2 interface of a thin-film solar cell was studied by means of atom probe tomography. A Cu-depleted and Cd-doped region ͑ϳ2 nm in width͒ was detected at the CuInSe 2 surface, proving the existence of a buried p-n homojunction within the CuInSe 2 absorber layer. Furthermore, CdS was found to infiltrate open pores existing in CuInSe 2 during the chemical bath deposition. This could explain why chemical bath deposition of CdS leads to higher solar cell efficiencies compared to physical vapor deposition of CdS.
Elemental mixing at the CdS/ CuInSe 2 interface of a thin-film solar cell was studied by means of atom probe tomography. A Cu-depleted and Cd-doped region ͑ϳ2 nm in width͒ was detected at the CuInSe 2 surface, proving the existence of a buried p-n homojunction within the CuInSe 2 absorber layer. Furthermore Thin-film solar cells based on CuInSe 2 ͑CIS͒ ͓and its derivative Cu͑In, Ga͒Se 2 ͑CIGS͔͒ have been under development for more than 30 years because of their high efficiency, long-term stability, and low-cost production.
1-3 Optimized deposition and processing steps for the constituent layers have led to date to maximum energy conversion efficiencies of 20.3% for CIGS solar cells. 4 Thus, CIGS-based solar cells belong to the most promising candidates for large-scale photovoltaic energy conversion.
Despite the outstanding performance of these solar cells, the separation mechanisms for photogenerated charge carriers at the CdS/CI͑G͒S p-n junction remain far from being understood. This is mainly due to a lack of information on local chemical changes across the CdS/CI͑G͒S interface, in particular, at the atomic scale.
Previous studies on the interface between CdS buffer layers and CI͑G͒S absorber layers relied on spectroscopic methods such as energy dispersive x-ray spectroscopy ͑EDX͒, 5, 6 x-ray emission spectroscopy, 7 x-ray photoelectron spectroscopy, 7, 8 Auger electron spectroscopy, 8 and secondary ion mass spectrometry ͑SIMS͒.
8 Using these techniques the buffer/absorber layer interface was found to be intermixed, suggesting that the idea of an abrupt p-n heterojunction, as commonly assumed in device simulations, 9 is incorrect when modeling the characteristics of CI͑G͒S solar cells. Furthermore, the existence of a buried homojunction within the absorber layer was proposed, based on the detection of a Cddoped surface zone in CI͑G͒S, 5, 6, 8 and confirmed by scanning Kelvin probe microscopy studies. 10 Although the above-mentioned techniques have been successfully applied to the characterization of the CdS/ CI͑G͒S interface, they do not provide sufficiently high spatial resolution and accurate compositional data for a complete understanding of the p-n junction. Spatially resolved chemical analyses below the nanoscale are needed to understand the junction formation in CIS-based solar cells and its effect on the energy conversion efficiency.
This letter presents for the first time three-dimensional data on the elemental distribution across CdS/CIS interfaces obtained by atom probe tomography ͑APT͒. APT, a combination of time of flight mass spectrometry and ion projection microscopy, 11 allows three-dimensional elemental mapping with near-atomic resolution and high detection sensitivity, thus enabling highly accurate chemical analyses of buried interfaces.
The solar cell studied in this work was fabricated by co-evaporation of a polycrystalline CuInSe 2 film onto a Mocoated soda lime glass substrate in a single-stage inline process at about 600°C. 12 The CdS layer was deposited by chemical bath deposition ͑CBD͒. In this process CdSO 4 , ammonia and thiourea were mixed and a ϳ60 nm thick CdS film was grown in 10 min at 65°C. An intrinsic ZnO layer and a ZnO:Al front contact layer was finally deposited by rf and dc sputtering, respectively.
Cross-sectional analyses of the solar cell were done using transmission electron microscopy ͑TEM͒ ͑JEOL 2200 FS at 200 kV͒. APT experiments were performed with a local electrode atom probe ͑LEAP™ 3000X HR, Cameca Instruments͒, applying laser pulses of 532 nm wavelength, 12 ps pulse length, and an energy of 0.1 nJ per pulse at a repetition rate of 100 kHz. The specimen base temperature was about 60 K. Both TEM and APT samples were prepared using a dual beam focused-ion-beam ͑FEI Helios Nanolab 600͒, where APT samples were prepared according to the procedure described in Refs. 13 and 14. To minimize beam damage, a low energy ͑5 keV͒ Ga beam was used at the final ion-milling stage. Figure 1 shows the cross-sectional bright field TEM image of the ZnO, CdS, and CIS layers. In contrast to the relatively large grains of the CIS layer ͑ϳ0.7 to 1.25 m͒, the CdS layer consists of very small grains ͑ϳ10 to 15 nm͒. Although the CIS layer exhibits substantial surface roughness ͑ϳ120 nm in average͒, the CdS layer grown on top of CIS has a uniform thickness ͑ϳ60 nm͒. Top-view scanning electron microscope images of this CIS layer, taken after removing the CdS and ZnO layers by chemical etching, revealed a large number of open pores inside the absorber material ͑not shown͒. 15͒. An isoconcentration surface of 26 at. % Cd was defined as the interface. It can be seen in Fig. 2͑b͒ that the CdS/CIS interface is rather diffuse ͑ϳ2 nm width͒. Close to the CIS surface there is a distinct zone of about 2 nm in width ͓marked in gray in Fig. 2͑b͔͒ in which the Cu concentration decreases while the In and Se concentrations remain constant. In this region, an increased Cd concentration can be detected as opposed to S, which remains essentially unchanged. The dashed areas in Fig. 2͑b͒ give the number density of the "missing" Cu ions and surplus Cd ions close to the CIS surface. These yield nearly the same values ͑1.65 ϫ 10 22 cm −3 and 1.7ϫ 10 22 cm −3 , respectively͒ showing that Cu vacancies at the CIS surface are occupied by Cd atoms. The observed replacement of Cu by Cd is in good agreement with previous results obtained by EDX ͑Refs. 5 and 6͒ and SIMS.
8 Figure 2͑b͒ also shows that Cu, In, and Se atoms have diffused into the CdS layer during the processing of the solar cell. It is worth noting that the Cu depletion in the CIS layer could not only be due to the diffusion from the CIS into CdS but also partly due to Cu dissolution in the chemical bath. The average composition of the CIS layer determined from the composition profile ͑23.3 at. % Cu, 29 at. % In, 46.7 at. % Se͒ is in good agreement with x-ray fluorescence spectroscopy measurements for the integral composition ͑21.4 at. % Cu, 27.8 at. % In, and 50.8 at. % Se͒. The lower concentration value of Se and higher values of Cu and In measured by APT may be ascribed to preferential field evaporation of Se atoms between the laser pulses. The average CdS composition determined from the concentration profile exhibits a significant deviation from the nominal 50:50 stoichiometry ͓see Fig. 2͑b͔͒ . This is due to some overlapping mass-to-charge peaks ͑ CuSe + ͒, which cannot be deconvoluted in the composition profile and lead to an overestimation of the In, Cu, and Se concentration in CdS. To determine a more accurate value for the actual composition of the CdS layer, the mass spectrum of the CdS layer was evaluated separately. Overlapping mass peaks were deconvoluted into the possible elements or compounds by taking into account the isotope abundances. The values corrected by this procedure are shown for both CdS and CIS in Table I . The sum of the cation ͑Cd, Cu, and In͒ and anion ͑S, Se͒ concentrations nearly yields the expected 50:50 stoichiometry, indicating that Cd is partly substituted by Cu and In, while S is partly substituted by Se. The existence of an ordered defect compound as proposed by Schmid et al. 16 can be excluded by the APT concentration profile in ͓Fig. 2͑b͔͒ at least for this sample. Figure 3͑a͒ shows the result of an APT analysis in which CdS could be detected inside the CIS absorber layer more than 100 nm below the surface. A closer view from different directions shows that the detected CdS zone is platelike and Table I . Cu, In, and Se concentrations in CdS are higher than for the first measurement. This may be because the CdS zone shown in Fig. 3͑a͒ has a plate-like shape and is enclosed by CIS. Cu, In, and Se atoms can diffuse into CdS from different directions, resulting in higher solute concentrations.
The main results of our APT analyses on the CdS/CIS interface can be summed up as follows: ͑i͒ Cu, In, and Se atoms exist in the CdS layer. This can be explained by diffusion phenomena, ͑ii͒ Cu vacancies at the CIS surface are occupied by Cd, and ͑iii͒ open pores in CIS are infiltrated with CdS during the CBD.
APT reveals, in good qualitative agreement with previous EDX studies but near atomic scale resolution, 5, 6 a Cddoped surface region of the absorber layer. The bivalent Cd ions are expected to act as substitutional donors on monovalent Cu sites due to the similar ionic radii of Cd 2+ ͑0.097 nm͒ and Cu + ͑0.096 nm͒. 5 The maximum dopant density estimated from our composition profiles is on the order of 10 22 cm −3 , clearly exceeding typical hole density values in solar grade CIS layers ͑p=2ϫ 10 15 cm −3 ͒. 17 Thus, we conclude that the Cd-doped CIS surface layer is inverted from p-to n-type, and a buried, shallow p-n homojunction is formed instead of a heterojunction between CdS and CIS. The homojunction formation is expected to improve the efficiency of the solar cell due to a reduction in interfacial recombination of charge carriers. 18 Our studies also have shown that open pores inside CIS can be filled with CdS by the CBD process. Open pores inhibit charge carrier transport, and therefore, their infiltration with CdS is beneficial. This could explain why the efficiency of the solar cells with a CBD-CdS buffer layer is much higher compared to cells with a CdS buffer layer deposited by physical vapor deposition. 6 Finally, it should be noted that the observations and conclusions made in this work for this particular sample cannot be generally transferred to all CI͑G͒S solar cells. Different absorber compositions and deposition methods may well result in different chemical gradients across the p-n junction. Nevertheless, this work shows that APT in combination with efficiency data is a highly promising technique for elucidating the relationship between compositional variations across the p-n junction and cell efficiency. 
